ABSTRACT Forced oscillations (FOs), which are caused by sustained cyclic disturbances, threaten the safe and stable operation of power system. The most effective way to eliminate FOs is to locate the oscillation source and take corresponding measures. In this paper, a two-level method for forced oscillations source location is proposed. First, the energy structure of the generator is analyzed based on Hamiltonian function. The energy injected into generator is divided into two parts, i.e., energy injected by the prime mover system and excitation system. Then, as to the energy injected into power grid, the phasor relation between the variances of branch variables is analyzed to identify the energy flow direction. Based on the former analysis, the proposed method includes two levels. The bus level location of the oscillation source is realized according to the energy flow direction obtained with phasor analysis. Furthermore, the control device level location within the generator is realized according to the injected energy of the prime mover system and excitation system of generator. This method has good robustness for the measurement of data quality issue and is able to locate multimode oscillations with multiple disturbances. The simulation results in four-machine two-area system, East China power grid and the WECC 179-bus system as well as the comparison with classic energy-based method demonstrate the effectiveness and improvement of the proposed method.
I. INTRODUCTION
Low frequency oscillations (LFOs) have been an important issue threatening the safe and stable operation of power system. Common types of LFOs are negative damping oscillations (NDOs) and forced oscillations(FOs) [1] . Unlike NDOs, whose essential reason is the lack of damping [2] , FOs are caused by continuous and periodical disturbance sources [3] - [5] . The most common sources of FOs include mechanical power fluctuations of prime mover, excitation system fluctuations, cyclic loads [6] - [8] , and etc. FOs will attenuate rapidly when the disturbance source is removed. Therefore, fast and accurate location of the oscillation source is the key to restraining FOs.
The location of FOs source has attracted the interest of many researchers, who have proposed different kinds of location methods. Reference [9] presented a thorough survey about the location methods of oscillation source. The location methods were categorized into 9 types in [9] and the advantages and disadvantages of each type were presented. Among these methods, travelling wave method is a direct and intuitive way to identify the oscillation source [10] . It identifies the generator with the earliest appearance of oscillation as the source. This method relies on the accurate arrival time of oscillations and needs to be further investigated in the multi-mode oscillation situations. Effective generator impedance method is a newly developed forced oscillation source location method [11] . It is shown that a source generator can be characterized as an effective current source in addition to its effective admittance. This method is algebraically simple to implement, but it relies on prior knowledge of generator model. Energy based method is considered as one of the most promising method and already has some practical applications. The key idea of it is that oscillations are accompanied with the conversion and transmission of energy and the component producing energy is regarded as the oscillation source. Reference [12] is a classic paper elaborating the energy-based location method, which proposes an energy flow calculation method to identify the component producing energy. It is model independent and has been verified by many simulated cases and over 50 actual events from both ISONE and WECC [13] . Further, [14] constructed the internal energy structure based on Hamiltonian function and located the source to the control device level by observing the energy supply rate on port (ESRP) with bus measurement. However, as a promising method to be applied in practical grid, energy based method needs to be further investigated in some aspects. As stated in [12] , it should be further developed for complex multi-mode oscillations. Also, the robustness of energy-based method for online environment needs to be improved [13] .
A location method including two levels is proposed by this paper, which can locate the oscillation source to the bus level and further to the control device level if the source is inside the generator. The proposed method is partly based on the energy-based method and further develops in the above two aspects. The bus level location is realized by identifying the energy flow direction of the generator terminal branch with phasor analysis. The control device level location within the generator is achieved with energy injection from the internal oscillation source of the generator obtained according to Hamiltonian function. The novelty and contributions of the proposed method are as follows: 1) the relationship between the phasors and the energy flow direction is analyzed, which provides a new way to identify the energy flow direction without calculating the detailed values of energy; 2) the adoption of total least square estimation of signal parameters via rotational invariance techniques (TLS-ESPRIT) to identify the phases of related variables and empirical mode decomposition (EMD) to extract the main component not only improves the robustness to measurement noise and bad data, but also enables the location of complex multi-mode oscillations; 3)the location result can be accurate to control device level within generator using the decentralized generator measurement. This paper is organized as follows. Section II deduces the transient energy characteristics of FOs, which is the theoretical foundation of the proposed method. Section III presents the proposed two-level forced oscillations source location method in detail. Simulation results in four-machine-twoarea system, East China power grid and the IEEE test cases for oscillation source location as well as the comparison with classic energy-based method are presented in Section IV and Section V draws the conclusion.
II. TRANSIENT ENERGY CHARACTERISTICS OF FOS
In this section, the dynamic of generator during FOs is modelled according to the Hamiltonian realization, which is the theoretical basis of the control device location. Then, the transient energy balance inside the generator are analyzed to lay the foundation for the bus level location.
A. TRANSIENT ENERGY STRUCTURE IN GENERATOR
The differential equation of the single-machine infinite-bus (SMIB) system with third-order generator model is [14] [14] , [15] and its Hamiltonian function can be expressed as
The Hamiltonian realization of (1) iṡ
where
Multiplying both sides of (3) by ∇ x H and then transposing (3), the following function can be obtained:
,
In (4), Hamiltonian function H represents the transient energy structure of the generator during FOs.Ḣ is the derivative of the transient energy to time, which can be considered as ''power''. Terms with negative signs represent the dissipation energy, while terms with positive signs are the injection energy. Hence, according to (4), the energy of the generator is composed of the dissipation energy E D and the injection energy E I . E D is consisting of E DM and E DE , which represent the dissipation energy of mechanic damping and excitation circuit resistance, respectively. E I is consisting VOLUME 6, 2018 of E IM and E IE , which denote the injection energy of prime mover system and excitation system, respectively.
The equations of the generator terminal voltage are as follows:
where U d , U q are d axis and q axis terminal voltage respectively, I d , I q are d axis and q axis terminal current respectively, x q is q axis synchronous reactance. By substituting (5) into (2), (6) can be obtaineḋ
Accordingly, the energy of the generator is composed of the storage energy E STO and the output energy E OUT . E STO is the storage energy consisting of rotor kinect energy storage E STOM , the first term of E STO , and electromagnetic potential energy storage E STOE , the last two terms of E STO .E OUT represents the output energy. Combining (4) and (6) and considering (2) , E OUT can be divided into the following two parts:
(7) shows that part of the injection energy of prime mover system E IM is dissipated and stored, the remaining energy E OUTM is output to the power grid. Similarly, part of the injection energy of excitation system E IE is dissipated and stored, the remaining energy E OUT output to the power grid. According to (4) to (7), the transient energy structure inside the generator can be obtained, as shown in FIGURE 1.
where Q e is reactive power output from generator, into E OUT , (8) is obtained:
(8) represents the output energy from a generator to power grid when the oscillation source is located inside the generator.
B. TRANSMISSION OF OUTPUT ENERGY DURING FOS
According to FIGURE 1 and the analysis above, part of the injection energy of prime mover system and excitation system is dissipated, part of it is stored in the generator, and the rest is output to the power grid. This part analyses the output energy transmission during FOs in detail. Generally, the deviations from steady-state values of electric parameters, such as active power and frequency, can be represented by sinusoidal functions for FOs [16] , [17] . Thus, during FOs, the electrical fluctuations of dominant mode can be expressed as:
is the dominant oscillation frequency,
A is the amplitude, ϕ is the initial phase. In high voltage transmission system, there are reactive power compensation devices at significant buses, which is able to regulate reactive power fluctuations and voltage fluctuations [18] . Therefore, the fluctuations of reactive power and bus voltage are almost negligible, that is, the second part of the energy in (8) will soon be dissipated and the spreading range is small. Besides, the integral calculation of the third term in (8) with respect to time is:
where T = 1/f o , m is an integer number representing the number of oscillation periods, A Id is the amplitude of I d and ϕ Id is the initial phase of I d . Since the expression inside the integral sign is a sinusoidal function, the calculation result is 0. Therefore, the oscillation energy output from the generator to the power grid can be simplified as
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Linearize the active power on branch L ei,j , which is connected to the generator, and get (12)
where U ei , U j are the generator terminal voltage and bus j voltage respectively, X is the reactance between the generator terminal bus i and bus j, δ ei and θ j are deviations from steady-state values of generator power angle and phase angle of bus j, P ei,j is deviation from steady-state values of the active power on the branch and K = U ei U j /X . Taking derivative of (12) on both sides, and considering the general form of the electrical fluctuations of dominant mode during FOs in (9), (12) can be expressed as:
where ω ei and ω j are the deviations from steady-state values of angular frequency of bus i and j. By multiplying both sides of (13) with P ei,j and integrating it, (14) is got
The above equation shows that the oscillation energy flows along the branch with the fluctuations of the bus frequency and the active power of the branch.
III. TWO-LEVEL FORCED OSCILLATIONS SOURCE LOCATION METHOD
The analysis in Section II elaborates the transient energy structure in generator and the transmission of transient energy during FOs. Accordingly, the two-level forced oscillations source location method in power systems is proposed, which includes the bus level location and the control device level location within the generator.
A. BUS LEVEL LOCATION THROUGH THE PHASOR ANALYSIS
When the oscillation source is inside the generator, oscillation energy flows from generator terminal bus i to bus j along branch L ei,j . Thus the oscillation energy output from the generator is positive, i.e. ∫ E OUT dt > 0. Substituting (9) into (11) and then simplifying it, (15) is obtained:
In (15), A Pe and A ω are the amplitudes of P e and ω respectively, ϕ Pe and ϕ ω are the initial phases of P e and ω respectively, which are constants during the steady state of FOs. Since ∫ E OUT dt is large than 0 and A Pe and A ω are also larger than 0, cos (ϕ Pe -ϕ ω ) should also be larger than 0.
Hence the absolute value of the angle between P e and ω is less than 90 • . Conversely, when the oscillation source is not the generator, oscillation energy flows in the opposite direction from bus j to generator terminal bus i, and the angle between P e and ω is larger than 90 • . FIGURE 2. Phasor relationship of P ei , ω ei , ω j during FOs (the oscillation source is within the generator). According to (13) , corresponding phasor diagrams of the above two cases can be made respectively, as shown in FIGURE 2 and FIGURE 3. In FIGURE 2, oscillation energy flows out from generator terminal bus i, and the angle between P ei,j and ω i is less than 90 • , then α < 90 • , where α is the angle between P ei,j and ω j . Conversely, in FIGURE 3, oscillation energy flows into generator terminal bus i, and the angle between P ei,j and ω i is larger than 90 • , then α > 90 • .
The oscillation energy flows along the branch with the fluctuations of bus frequency and active power of the branch, and the phasor relationship between the fluctuations of bus frequency ω i and active power on the branch P ij can reflect the direction of the oscillation energy flow. Since the fluctuation of bus frequency f i equals to ω i /2π , f i is in the same phase with ω. The criterion for determining the direction of the oscillation energy flowing in each branch connected to the bus in the system can be obtained:
where ϕ fi , ϕ pij are the phases of the bus frequency variation and active power variation on the connected branch respectively. If (16) holds, the direction of the oscillation energy VOLUME 6, 2018 flowing on the branch is from bus i to bus j, i.e. the oscillation energy flows out from bus i along the branch. Otherwise, the direction of the oscillation energy flowing on the branch is the opposite. With the oscillation energy direction on each branch, the bus level location is realized by trancing back the oscillation energy direction.
B. CONTROL DEVICES LEVEL LOCATION INSIDE THE GENERATOR
Inside the generator, the fluctuation of the output of prime mover system and the excitation system, which can be caused by variations of renewables, wind shear effect and control faults.
During FOs, u f and i f , the fluctuations of dominant mode of excitation voltage and current, can be represented as
where A uf and A if are the amplitudes of u f and i f , ϕ uf and ϕ if are the initial phases of the electrical fluctuations. Substituting E f = x ad u f /r f and E q = x ad i f into E IE in (4), the injection energy of excitation system can be expressed as:
Further, substitute (17) into (18), then (18) can be divided into two parts, shown as:
is a constant component representing the energy injected by the oscillation source, transmitted and dissipated in the power system, which can be used for oscillation source location.
Similarly, the energy injected by the prime mover system can be obtained as:
where A pm and A ω are the amplitudes of fluctuations of mechanical power and angular frequency respectively, ϕ pm and ϕ ω are the initial phases of fluctuations of mechanical power and angular frequency.
C. PROCESS OF THE TWO-LEVEL FORCED OSCILLATIONS SOURCE LOCATION METHOD
The proposed method needs to extract the dominant frequency of FOs quickly and accurately, and obtain the phase of fluctuations. TLS-ESPRIT algorithm is a high resolution signal analysis method based on subspace [19] . The algorithm decomposes the signal space into signal subspace and noise subspace, which is able to identify the low frequency oscillation mode accurately and obtain the initial phase of electrical fluctuations with total least square algorithm. Therefore, TLS-ESPRIT is used to obtain the parameters of the dominant mode in this method, which has good noise immunity and high precision. The proposed method consists of two levels. The first level is the bus level location, and when the source is within a generator the second level further locates the oscillation source to control devices level inside the generator. First, the bus level location can be performed according to the following steps:
(1) Preprocess data, including removing DC component and abnormal data, filling in the missing data and etc.; (16) is true, the oscillation energy flows out from bus i to bus j; otherwise, it flows into bus i from bus j; (4) Judge whether bus i is the disturbance bus. If all the oscillation energy flow out from bus i along all the connecting branches, the disturbance source is on the bus. If not, trace back the energy flow and repeat step 2 to 4 to finally locate the bus with disturbance.
If the oscillation source is located on the generator bus, it is necessary to further locate the oscillation source in the control devices. In order to extract dynamic oscillation characteristics accurately from non-stationary low frequency oscillation signals, EMD has been introduced into the data processing and analysis of the power system [20] . Then based on the analysis in Section II and the utilization of empirical mode, the quantitative index of oscillation source location in generator control devices is defined. The detailed process of the second level is as follows:
(1) Decompose the raw data u f , i f , P m , ω by EMD as s(t) = > 0, the disturbance source is at the prime mover system. If they are both larger than 0, the disturbance sources are at both excitation system and prime mover system. According to the above analysis, we can get the flow chart of the two-level FOs source location method, as shown in FIGURE 4. Above shows the location method for FOs with one source. If there are multiple sources at different frequencies, then (9) can be represented as
where n is the number of oscillation sources and A n , ω n and ϕ n are the amplitude, angular frequency and angle of the nth mode. Considering the system can be linearized around the operating point, for each oscillation mode, TLS-ESPRIT and EMD can extract the necessary information needed in this method. Hence, the proposed method can be applied and the oscillation source for each mode can be located.
IV. SIMULATION RESULTS
The effectiveness of the proposed method is verified in the four-machine two-area system and East China power grid. Also the simulation results using the test cases library provided by the IEEE PES Task Force on Oscillation Location are also presented.
A. SIMULATION RESULTS IN FOUR-MACHINE TWO-AREA SYSTEM
The structure of the four-machine two-area system is depicted in FIGURE 5 [21] . An inter-area oscillation mode exists in this system with a frequency of 0.64 Hz. (1) Case I: The oscillation source is at the prime mover system.
At first, a sinusoidal disturbance at 0.64 Hz is added to the mechanical power output of G1 in Area 1 from 0 s to 20 s to excite FOs. Considering the effect of data processors, the noise contained in forced oscillations is colored noise. Butterworth filter with a cutoff frequency of 2.5 Hz is adopted to generated colored noise by this paper. The actual curve with colored noise of 10 dB and the fitted curve with TLS-ESPRIT is shown in FIGURE 6. At first, branch 7-8 connecting Area 1 and Area 2 is analyzed. According to TABLE 1, the phase difference between the frequency variables of bus 7 and the active power variable of branch 7-8 is 51.3 • , which is less than 90 • . Hence, the oscillation energy flows from area 1 to area 2 through branch 7-8 according to (16) . Then analyzing bus 1 and bus 2 in Area 1, the phase differences are 21.5 • and 110.9 • respectively, thus the oscillation energy flows out from bus 1 and flows into bus 2. Therefore, the oscillation source is located at G1 connected to bus 1. Further, implementing the control device level location inside G1 by calculating the indexes according to (19) and (20) < 0, the oscillation source is the prime mover system of the generator G1, which is consistent with the actual situation.
(2) Case II: The oscillation source is at the excitation system.
Then a sinusoidal disturbance at 0.64Hz is added to the excitation voltage output of G1 in Area 1 from 0s to 20s to excite FOs. Same colored noise is added to the active power fluctuation on the tie line. The actual curve of with colored noise of 10 dB and fitted curve with TLS-ESPRIT are shown in FIGURE 7 by the blue and red lines respectively. Phases ϕ f and ϕ p at the dominant oscillation frequency obtained with TLS-ESPRIT are shown in column 2 and 4 of TABLE 2, and the phase differences are shown in column 5. The energy flow directions are identified accordingly and shown in column 6.
The energy directions can be analyzed similarly according to phase differences as the process in Case I. It is clear that the oscillation energy flows out from the generator G1 to G2 and Area 2, thus the oscillation source is located at G1. Further implementing the control device level location within the generator G1 by calculating the indexes according to (19) and (20) > 0, the oscillation source is the excitation system of generator G1, which is consistent with the actual situation.
B. SIMULATION RESULTS IN EAST CHINA POWER GRID
Further, this paper also carried out simulations in the East China power grid. A simplified structure of part of East China power grid is depicted in FIGURE 8. According to eigenvalue analysis, an oscillation mode exists in this system with the frequency of 0.8 Hz. A sinusoidal disturbance at 0.8 Hz is added to the load on bus STW_1, and FOs occur in the system. Selecting the branches with obvious oscillations, the results of the analysis are presented in TABLE 3. The phases of the frequency and the active power obtained with TLS-ESPRIT are shown in column 2 and column 4 of TABLE 3. The phase differences are shown in column 5 and the energy directions are determined according to (16) . The energy flow directions are depicted with red arrows in FIGURE 8. First, the energy flows from STW to SYLB via SYL, and flows to other buses through SYLB. Tracing back to select STW. It can be found that the oscillation energy flows from STW to SYD and STW_2, and the energy flows from STW_1 to STW. Accordingly, tracing back to select STW_1, the energy flows from STW_1 to generator G_1. Therefore, the oscillation source is on the load bus STW_1, which is consistent with the actual situation.
C. SIMULATION RESULTS IN WECC 179-BUS SYSTEM
The proposed method can locate successfully under the condition of single disturbance source, which is demonstrated by the cases above. Moreover, it can also locate successfully under the condition of multimode oscillations with multiple disturbance sources. To verify it, this paper carried out simulations in the test cases library provided by the IEEE PES Task Force on Oscillation Source Location, which is created in the WECC 179-bus system [22] . The cases with one oscillation source are also verified, but due to the similarity with the former cases and space limitation, they are not shown here. Only the case with two oscillation sources are presented here. A simplified structure of WECC 179-bus system with respect to the selected branches are depicted in FIGURE 9 and the complete structure of it can refer to [22] . According to the eigenvalue analysis, two oscillation modes with the frequency of 0.65 Hz and 0.43Hz exist in this system. Then, two sinusoidal disturbances at 0.65 Hz and 0.43 Hz are added to the generator bus 89 and 118, respectively, and FOs occur in the system.
In the left area, only oscillations of 0.65 Hz are detected while in the right area, oscillations of 0.65 Hz and 0.43Hz are both detected. The analysis results of the two modes are shown in TABLE 4 and TABLE 5 , respectively. The oscillation energy flow directions of both modes are shown in FIGURE 9.
According to column 2 and column 4 in TABLE 4, the phases differences in column 5 can be obtained. Hence, the energy flow directions in column 6 are determined according to (16) and depicted in FIGURE 9 with red arrows. In the left part of the grid, the energy of 0.65 Hz first flows out from bus 79 to bus 80. Then part of the energy flows to bus 31, and the rest energy flows to the simplified power grid through bus 75 and bus 76. In the right part of the grid, the energy of 0.65 Hz flows into it through bus 115 and bus 120. And part of the energy flows back to the simplified power grid through bus 134, bus 117 and bus 132. Combining the analysis results above, it can be concluded that the oscillation source of 0.65 Hz is on bus 79, which is consistent with the actual situation.
Since few of the energy of 0.43 Hz is detected in the left part of the power grid, the analysis of energy flow direction is performed in the right part. According to TABLE 5, the energy of 0.43 Hz flows out from bus 118 to bus 119, and then the energy flows to the simplified power grid through bus 115, bus 134, bus 117, bus 132 and bus 123. Therefore, the oscillation source of 0.43 Hz is on bus 118, which is also consistent with the actual situation.
Therefore, both oscillation sources are located successfully with the proposed method.
D. COMPARISON AND DISCUSSION
Energy-based method is most widely studied and is considered as one of the most promising methods for location. Our method is partly developed from the energy-based method. Compared with it, the proposed method has the following improvements due to the location criteria of phase differences VOLUME 6, 2018 and the adoption of TLS-ESPRIT to identify the phase at each mode. 1) the proposed method is more robust to the data quality issue, which is an important issue for PMU data. 2) the proposed method is able to locate multi-mode oscillations with multiple disturbance locations.
(1) Data quality issue Practical PMU data inevitably involves data quality issue such as noise and bad data. As to noise, the simulation results in Section IV Part A provides the detailed demonstration of the performance of the proposed method considering colored noise. Hence, the data quality issue of bad data is shown here.
Bad data is included in the measurement in the case of Part C. The oscillation curve of branch 66-65 is shown in FIGURE 10 , where the bad data appears at 1 s. Applying the classic energy-based method to obtain the oscillation energy on branch 66-65, which is shown in FIGURE 11. It can be found that because of the bad data, a sudden drop of the oscillation energy appears at 1s. As a result, the values of all oscillation energy after 1s are wrong because they are obtained by the integral calculation. Besides, the trend of the oscillation energy from 1s-5s is not obvious, which makes it hard to detect the direction of energy flow.
Applying the proposed method, comparison of the results with and without bad data are shown in TABLE 6. It can be found from TABLE 6 that even under the condition of bad data, the phases can still be identified correctly and hence the energy flow direction can be detected accordingly with the proposed method.
(2) Multi-mode oscillations with multiple sources In Part C of Section IV, two oscillations sources excite the oscillations of 0.65Hz and 0.43Hz respectively. According to TABLE 4 and TABLE 5, the proposed method is able to detect the energy direction correctly for each oscillation mode. For oscillation mode of 0.65Hz, the energy flows from bus 131 to bus 119, while for oscillation mode of 0.43Hz, the energy flows from bus 119 to bus 131.
Applying the classic energy-based method to identify the energy flow direction, the oscillation energy on branch 119-131 can be obtained as FIGURE 12. According to FIGURE 12, the overall trend is decline, but there is also a rising trend during about 4.5 to 7s, which is confusing for determining the direction of energy flow. According to the overall trend, the oscillation energy flows from bus 131 to bus 119, which is not correct for the oscillation mode of 0.43Hz. Hence, it cannot locate the multi-mode oscillations with multiple disturbances.
V. CONCLUSION
This paper proposes a two-level FOs source location method based on phasors and energy analysis, which includes bus level location and control device location inside generator. Firstly, the energy flow direction is identified according to the phases of the variance of branch electrical variables, through which the bus level location is realized. Further, if the source is at the bus with generator, the injected energy of excitation system and prime mover of the generator are calculated to realize the more accurate control device location inside the generator. The proposed method is purely measurementbased, and is robust to data quality issue. Besides, the adoption of TLS-ESPRIT to identify the phase of related variables and EMD to extract the main component improves its performance under the influence of noise and enable the location of multiple disturbances at different modes. The simulation results in four-machine two-area system, East China power grid and the IEEE test cases for oscillation source location verify the feasibility and effectiveness of the proposed method.
In this paper, common types of disturbances of FOs are considered and located. With the integration of more renewables and new devices, this method will be developed to locate more kinds of disturbances in the further research.
